followed by ion exchange and recrystallization. C 8 F 17 CH 2 3 N C 2 H 5 3 Cl F 8 C 3 TAC was also prepared by refl uxing iodoalkane with triethylamine in acetonitrile, followed by ion exchange and recrystallization.
The surfactants were analyzed on a TSKgel ODS-100V TOSOH Co. column using methanol/30 mM sodium 1-octanesulfonate aqueous mixtures as eluting solutions. The elution was monitored with a CM-8010 TOSOH Co. electrical conductivity detector. Only a single elution peak was detected in the high-performance liquid chromatography HPLC experiments, indicating that the purity of the surfactant samples was high enough for the purpose of the present study.
Measurements
The surface tensions of aqueous surfactant solutions were measured with the Wilhelmy technique using a surface tensiometer, Model A-3 Kyowa Kagaku 6 . The conductivity measurements of aqueous surfactant solutions were carried out using a conductivity meter, Model DS-12 HORIBA 7 . The fl uorescence spectra of 10 7 M 1-pyrenecarboxaldehyde Aldrich Chemical Co. were measured between 420 and 550 nm after excitation at 400 nm using a Hitachi F-3010 spectrophotometer. All measurements were performed at 25 .
RESULTS AND DISCUSSION
3.1 Cleavage of the disulfide-linked spacer chain in fl uorinated gemini surfactants Because the prepared gemini surfactant contained a disulfi de bond at the center of the spacer chain between the ammonium head groups, the bond cleavage upon reduction produced two identical monomeric surfactants. Thiol-disulfi de exchange using DTT is commonly used to cleave the disulfi de bond into free thiols 8 . HPLC analysis showed that the disulfi de bond was reduced by the addition of DTT in water at room temperature. The peak of cleaved thiol surfactant F 8 C 3 SH was detected at the elution time of 3.5 min, accompanied by the disappearance of the 2F 8 C 3 SS peak at 5.8 min. The reduction using NaBH 4 aqueous solutions was also effective for cleaving the disulfi de bond, but the presence of inorganic salts infl uenced the properties of surfactant aqueous solutions. The elution peak of 2F 8 C 3 6 was observed at 4.8 min, which was earlier than that of 2F 8 C 3 SS. This difference might demonstrate that the hydrophobicity of disulfi de is stronger than that of two methylene groups. Alternatively, some specific interaction between disulfi de and the HPLC column might be responsible for the longer elution time for 2F 8 C 3 SS.
Aqueous solution properties of fl uorinated surfactants
The counterion exchange from iodide to chloride for cationic surfactants considerably enhanced the solubility of the fluorinated surfactants in water. Figure 2 shows the surface tension for aqueous solutions of 2F 8 C 3 6, 2F 8 C 3 SS, F 8 C 3 TAC, and F 8 C 3 SH against the logarithm of surfactant concentration at 25 . It should be noted here that F 8 C 3 SH, which is produced from 2F 8 C 3 SS by the disulfi de cleavage, returns to 2F 8 C 3 SS gradually through oxidation in aqueous solution see section 3.4 . Thus, the surface tension of F 8 C 3 SH solutions was measured within 10 min after sample preparation to avoid the infl uence of 2F 8 C 3 SS reproduction. The cmc was determined from the break point in the surface tension versus concentration plot. In addition, the Table 1 .
The fluorinated surfactants exhibited excellent surface activity at the air-water interface. In particular, the surface tension of the 2F 8 C 3 SS system was lower than that of the 2F 8 C 3 6 system. The surface area per surfactant for 2F 8 4 . The surface area of the monomeric surfactant was almost half that of the gemini surfactant, as expected. The cmc of 2F 8 C 3 SS was similar to that of 2F 8 C 3 6, which suggests that the hydrophobicity of disulfi de is similar to that of two methylene groups where micelle formation is concerned, although the HPLC analysis suggested the possibility of stronger hydrophobicity for the disulfi de group. The cleavage of the 2F 8 C 3 SS spacer chain signifi cantly increased the cmc to 1.55 mM, which was more than 30 times larger than that of the original gemini surfactants. The relationship of cmc values between 2F 8 C 3 SS and F 8 C 3 SH is similar to that between 2F 8 C 3 6 and F 8 C 3 TAC.
The conductivity method has been widely used for measuring cmc and the degree of micellar ionization 7 . Figure 3  a shows the conductivity curves for aqueous solutions of 2F 8 C 3 6 and 2F 8 C 3 SS against the surfactant concentration, indicating two inflection points; the second inflection points are indicated by arrows in the fi gure. Second infl ection points are also observed in the surface tension versus concentration plots and indicated by arrow in Fig. 2 . The surfactant concentration corresponding to the fi rst infl ection point in the conductivity curve is close to the cmc obtained using the surface tension method. The cmc values determined from the fi rst infl ection point in the conductivity curve are also included in Table 1 . The values determined using the surface tension method were rather low compared to those obtained using the conductivity and fl uorescence methods see below . This difference suggests that for fl uorinated surfactants, the preferential adsorption at the air-water interface could take precedence over the micelle formation.
The slope S 1 of the conductivity curve below the cmc for 2F 8 C 3 6 was in fair agreement with that of 2F 8 C 3 SS. The decrease in the slope S 2 above the cmc indicates counterion binding to the micelles. The variation in the slope above the cmc depends on the change in the degree of micellar ionization 11 . The slopes for the 2F 8 C 3 6 and 2F 8 C 3 SS systems are considerably larger than those of monomeric surfactants F 8 C 3 TAC and F 8 C 3 SH see Table 1 . The higher S 2 /S 1 value may suggest looser packing at the micellar surface and smaller aggregation numbers. The S 2 /S 1 values above the second infl ection point became close to those of monomeric surfactants F 8 C 3 TAC and F 8 C 3 SH above the cmc see Table 1 . This result suggests that the head group packing in the micelles of gemini surfactants becomes similar to that in the micelles of monomeric surfactants when the surfactant concentration is increased above the second infl ection point. Figure 3 b shows the molar conductivity curves of gemini surfactants against C 1/2 compared to those of monomeric surfactants. Premicellar aggregation may occur in the 2F 8 C 3 6 and 2F 8 C 3 SS systems judging from the maximum around the cmc, because the equivalent conductivities of a small aggregate of surfactant ions is larger than the sum of the equivalent conductivities of the constituent ions 12 . The successive aggregation of small micelles may take place above the cmc, decreasing in the conductivity slope.
The cmc of monomeric surfactants determined using a conductivity method is more than 25 times higher than that of gemini surfactants. The cmc of F 8 C 3 SH is lower than that of F 8 C 3 TAC. Zana et al. 11 have reported the effect of side alkyl chains on cmc in dodecyldimethylalkylammoni- um bromides, indicating that the side alkyl chain started to join the micellar hydrophobic core when the carbon number was beyond three. This behavior suggests that the ethanethiol group may not be incorporated into the micellar hydrophobic core. The thiol group could be advantageous for micelle formation, however, because of its ability to form a weak hydrogen bond with neighboring surfactant molecules in the micellar palisade layer 13 . This situation may lower the cmc of F 8 C 3 SH compared to that of F 8 C 3 TAC.
Micellar micropolarity of fl uorinated surfactants
The fl uorescence probe method is effective for evaluating the micropolarity of micelles 14 . The fl uorescence peak λ max of 1-pyrenecarboxaldehyde PyCHO shifts depending on solvent polarity 15 . We observed that λ max was 470 nm in water, 450 nm in methanol, and 363nm in perfl uorohexane, respectively, which can be used to determine micropolarity in the solubilization site of PyCHO. Figure 4 shows the variation in λ max against concentrations of gemini and monomeric surfactants. The λ max decreased with the progression of the solubilization of PyCHO above the cmc. The λ max of micellar systems was 452-455 nm, which corresponded to the polarity of methanol. The micropolarity observed for the present system suggests that the solubilization site of PyCHO will be close to the micellar surface of the palisade layer. The cmc values determined using the PyCHO fluorescence method are in fair agreement with those obtained using the conductivity methods as shown in Table 1 .
Disappearance and appearance of micelles
The aqueous solution properties of F 8 C 3 SH were measured in the presence of DTT. The thiol group forms a disulfi de bond via the introduction of a mild oxidizing agent such as iodine 24 . HPLC analysis showed that the formation of 2F 8 C 3 SS was observed only by exposing F 8 C 3 SH to atmospheric oxygen in solutions, however. The surface tension After 24 h, the surface tension became identical to that of 2F 8 C 3 SS aqueous solution.
CONCLUSION
We prepared novel gemini and monomeric fluorinated surfactants, which contain a disulfide group and a thiol group, respectively, and their surface tension and solution properties were compared with those of conventional gemini and monomeric fluorinated surfactants. The most important findings in this study are the following. The cleavage of disulfide-linked gemini surfactants produced thiol monomeric surfactants, which returned to the original gemini surfactants only in aerated aqueous solution. The surface tension and cmc of the surfactant solution changed according to the cleavage and linkage of the spacer chain. 
